After a change in cardiac output, the magnitude of potential blood volume redistribution was investigated in 10 dogs anesthetized with chloralose. All of the venous return was pumped into a reservoir, using servocontrolled pumps to maintain fixed superior and inferior vena cava pressures. The cardiac output was set at various levels by pumping from the reservoir into the right atrium. Changes in reservoir volume were assumed to reflect the changes in vascular blood volume. After measuring the control responses, cardiovascular reflexes were blocked with hexamethonium. Reducing the cardiac output, for example, from 110 to 80 ml/(min kg) with reflexes intact, caused a 9.2-mllkg transfer of blood from the dog to the reservoir. With reflexes blocked, the same change in cardiac output caused 6.8 ml/kg of the blood to be transferred. Under the control conditions, throughout the range of 50-140 ml/(minkg), an increase or decrease of cardiac output of 1 ml/(min.kg) elicited a 0.304±0.086 (mean±+SD) ml/kg change in dog blood volume; with reflexes blocked, the flow sensitivity was 0.239±0.062 ml/kg. Thus, only 21% of the total blood volume redistribution was attributable to active reflex responses. Deterioration of the preparation may have attenuated the magnitude of active reflex activity. Neither the systemic vascular compliance of 1.80±0.35 mi/mm Hg.kg nor the fraction of venous return from the superior vena cava of 26.5 ±4.6% was significantly changed by reflex blockade. Passive blood volume redistribution between the peripheral vasculature and the heart after changes in blood flow, such as from changes in cardiac function, provides a more powerful compensatory mechanism to maintain the cardiac output than do active reflex changes in vascular capacitance. (Circulation 1990;81:360-368) P assive elastic characteristics of the veins, in conjunction with finite venous resistances, provide a powerful, nonreflex mechanism for the control of cardiac output.1 This mechanism is of great importance for cardiovascular homeostasis, but its magnitude has not been well documented. If the heart weakens so that cardiac output and peripheral blood flow decrease, then there will be a transient decrease in the distending pressure in the systemic veins because of the decreased flow through the peripheral tissue and the decreased pressure gradient across the venous resistances. Passive recoil of the veins then acts to transfer blood to the heart to increase the central venous pressure and cardiac filling, thus restoring cardiac output -an autoregulation of cardiac output that is independent of cardiovascular reflexes. The effect is equivalent to a blood transfusion after a decrease in cardiac function.
Passive blood volume redistribution between the peripheral vasculature and the heart after changes in blood flow, such as from changes in cardiac function, provides a more powerful compensatory mechanism to maintain the cardiac output than do active reflex changes in vascular capacitance. (Circulation 1990 ;81:360-368) P assive elastic characteristics of the veins, in conjunction with finite venous resistances, provide a powerful, nonreflex mechanism for the control of cardiac output.1 This mechanism is of great importance for cardiovascular homeostasis, but its magnitude has not been well documented. If the heart weakens so that cardiac output and peripheral blood flow decrease, then there will be a transient decrease in the distending pressure in the systemic veins because of the decreased flow through the peripheral tissue and the decreased pressure gradient across the venous resistances. Passive recoil of the veins then acts to transfer blood to the heart to increase the central venous pressure and cardiac filling, thus restoring cardiac output -an autoregulation of cardiac output that is independent of cardiovascular reflexes. The effect is equivalent to a blood transfusion after a decrease in cardiac function.
The concept of a volume redistribution as a consequence of regional flow changes was described a century ago.2 Furthermore, Krogh3 proposed that an increased splanchnic vascular resistance that reduces splanchnic blood flow, could lead to an increase in cardiac output because of the transfer of blood from the splanchnic bed to increase filling of the heart. Stene et a14 and Stokland and colleagues5 have further studied the effect of a thoracic aortic occlusion on cardiac output. Rowell6,7 has considered splanchnic vasoconstriction to be more important than active venoconstriction as a compensatory mechanism during standing, exercise, or thermal stress.
The concept of interaction between venous return and cardiac output has been thoroughly developed by Guyton et al. 8 Given a cardiac performance curve and a venous return curve, the equilibrium right atrial pressure can be predicted from the analysis of Guyton et al. The analysis, however, does not provide an estimation of the magnitude of blood volume increase or decrease that would be required to maintain a constant right atrial pressure after the change in cardiac function. The magnitude of potential blood volume redistribution, after a cardiac output change with cardiovascular reflexes blocked, has been quantified only by Numao and Iriuchijima. 9 Caldini et al, 10 Numao and Iriuchijima,9 Green and colleagues,1""12 and Ogilvie13 have measured it with reflexes intact throughout a limited range of flows and have reported widely different values. Numao and Iriuchijima9 reported that a 50% reduction in cardiac output resulted in a 19.7-ml/kg transfer of blood to a venous return reservoir held at a constant venous outflow pressure. After autonomic reflex blockade, a 50% change in cardiac output resulted in a 10.3-ml/kg change in reservoir volume. They concluded that "on a change in cardiac output, the passive change in blood volume is as large as the active or reflexic change." Even with reflexes blocked, a 50% change in cardiac output led to a blood volume redistribution9 that is equivalent to the maximum volume redistribution that can be elicited by the carotid baroreceptors,14,15 the aortic baroreceptors,16 or by cerebral ischemia.17 While we were exploring the possibility of a right atrial volume-receptor mechanism that could control vascular capacitance, using a constant cardiac output, constant central venous pressure, and venous return reservoir technique,15 we found that small changes in cardiac output induced remarkably large changes in reservoir volume. The primary purpose of our study was thus to further quantify, with and without reflexes, the potential blood volume redistribution in response to cardiac output changes at a fixed central venous pressure. The extracorporeal circulation system, including three pumps and a reservoir (Figure 1 ), was soaked overnight in sterile saline, flushed with air, and then filled (420 ml) with dextran (Dextran-70, Abbott Pharmaceuticals, North Chicago, Illinois; or Macrodex, Pharmacia, Uppsala, Sweden) and sodium chloride solution to give an approximately iso-oncotic priming solution (50% of 6% dextran and 50% of 0.9% NaCI). The 33 .0±0.20 C. The sidearms of the transducer stopcocks were connected to a common water-filled chamber for setting zero and calibration. The superior vena cava and inferior vena cava pressure catheters were 1.6 mm i.d., closed at the end with a 2-mm plug of epoxy, with two 1-mm holes in the sides, 2 mm from the end, and were coaxial with and extended 1 cm or more beyond the cannula tips. Catheters were continuously flushed with 0.9% NaCl at 0.05 mg/min (model TA4004, Gould Critiflo).
Pressure, reservoir volume, and main perfusion pump flow data were averaged with analog, low-pass, 4-pole Bessel filters (model 730LT-1, Analog Devices, Norwood, Massachusetts) set to a characteristic frequency of 0.18 Hz and then A/D converted at 10 samples/min (series 500 with SOFT500 assembly language algorithms, Keithley DAS).
Protocol
The reservoir pump output was set to provide a control perfusion rate of 110 ml/(min.kg). After the animal was stabilized, the perfusion was changed to 80, 140, 50, and 20 ml/(min-kg), with return to control flow after each change (Table 1 , segments 3-6, 9, 10, and 12). Perturbations were applied for 3 minutes, except for segment 12 [20 ml/(min.kg)]. BLCO (protocol segments 1, 2, 11, and 14) were used to evaluate the cardiovascular reflex sensitivity of the animal. We assumed that the magnitude of the reflex component of vascular volume change in response to a change in perfusion paralleled the magnitude of the reflexinduced change in systemic arterial pressure (Psa) during BLCO. Thus, as the Psa response to BLCO was reduced by dog deterioration or reflex blockage, we expected a proportional reduction in the magnitude of the reflex component of AV/AF. Additional dextran in saline was added to the reservoir [0.09+0.03 ml/(kg-min)] when the volume in the reservoir approached zero because of uncontrolled hemorrhage or interstitial volume expansion.
Cardiovascular reflexes were then blocked with 10 mg/kg hexamethonium (protocol segment 13) and the perfusion changed to 80, 50, or 20 ml/(minkg), with return to control after each change (segments [15] [16] [17] [18] [19] [20] [21] .
For the vascular compliance measurements, central venous pressure (Pcv) was increased 3.0 mm Hg from an average control value of 3.1 mm Hg by changing the pressure set-point of both servo pumps for 3 minutes and then returning Pcv to control (segments 7, 8, 17, and 18) . Vascular compliance was computed as the ratio of blood volume change to venous pressure change.
Data Analysis
The changes in reservoir volume, assumed to represent the change in dog blood volume induced by a Means and standard deviations (SD) are given to describe the data. For statistical analysis, multiple regression or a priori paired t tests were used. A probability of 0.05 or less was considered significant.
Results
The control perfusion rate was set at 110 ml/ (min-kg). A step change in total body perfusion from control to 80 ml/(min.kg) for 3 minutes, while holding inferior and superior venous pressures (Pivc and Psvc) constant at 3.1 mm Hg, caused a rapid increase in reservoir volume. The dog vascular volume decreased 9.2+3.7 ml/kg by 3 minutes (Figure 2) . The response to the return to control perfusion rate [110 ml/(min-kg)] was similar in magnitude, as was the response to an increase in perfusion by 30 ml/(minkg) ( (Figure 3) . Thus, the cardiovascular reflex action associated with the reduced cardiac output and Psa mobilized an additional 3.2 ml/kg blood from the dog. With large changes in flow, more volume left the dogs on reducing flow than was returned by 3 minutes on restoring the cardiac output to 110 ml/(min-kg) (segments 9, 10, 19, and 20, Table 1 ).
The flow sensitivity (change in dog blood volume per unit change in flow, (AV/,AF), obtained by changing the rate of perfusion into the right heart [from control to 50-140 ml/(min.kg) and back to control] averaged 0.304+0.086 ml per ml/min at 3 minutes with reflexes intact (Figure 4) . After ganglionic blockade with hexamethonium, the flow sensitivity was significantly reduced to 0.239±0.062 ml per ml/min. Overall, the passive component was 79% of the total, leaving 21% as the active component.
When the perfusion rate was changed from 110 to 20 ml/(min.kg), 25.9+2.5 ml/kg blood entered the reservoir within 2 trol flows and pressures), the remaining stressed volume was 5.6 ml/kg (1.8 x 3.1), giving a total stressed volume of 34 ml/kg. We attributed the high stopflow-vascular pressure, compared with an expected mean circulatory filling pressure of 7-10 mm Hg,1'8 to a transient continuation of cardiac pumping from the cardiopulmonary bed, even when right heart inflow was zero, and to an increased blood volume associated with the control cardiac output forced to 110 ml/(min.kg).
During the experiments, a plateau in response to flow change seemed to be apparent by about 2 minutes, and therefore, the flow was returned to control after 3 minutes. However, after plotting the average data (Figure 2) , it became obvious that the response was usually not complete by 2 minutes (see also Table 1 ).
The systemic vascular compliance during the control periods averaged 1.83+0.40 ml/(mm Hg-kg), and after blockade, it averaged 1.78+±0.34 ml/(mm Hg.kg). When we blocked the autonomic ganglia by infusing hexamethonium chloride (10 mg/kg), the mean Psa decreased from 116±11 to 60±9 mm Hg within 1-2 minutes, and total peripheral resistance (TPR) decreased from 1.08±0.13 to 0.75 ±0.11 mm Hg.min.kg/ ml. The Psa before ganglionic blockade was reflexively regulated by changes in TPR (Figure 3) (Figure 3 ) and could be extrapolated to a zero-flow pressure of about 12 mm Hg.
Bilateral Carotid Arterial Occlusion
The responses to 3-minute periods of BLCO were measured during control flows to assess the degree of cardiovascular reflex depression induced by anesthesia, surgery, and the periods of low total body perfusion. In the last four dogs of the study, before opening the chest and with cardiac output uncontrolled, the mean Psa increased 42±12 mm Hg in response to BLCO (protocol segment 1). During the first BLCO with perfusion held at 110 ml/(min-kg) (segment 2), the Psa response in nine dogs was 32±7 mm Hg, and just before ganglionic blockade (segment 11), the response had decreased to an average of 16±7 mm Hg. During these periods, control Psa averaged 153±12, 124+15, and 119±17 mm Hg, respectively. After ganglionic blockade (10 mg/kg hexamethonium), Psa decreased to 73± 11 mm Hg, but the response in Psa to BLCO (segment 14) remained significantly greater than zero (9.7±5.1 mmHg, p<0.01). We attribute these small Psa responses to BLCO, with a fixed cardiac output and reflex blockade, to the increased vascular resistance from occluding the carotid arteries.
During BLCO, the downstream carotid artery pressure (Pca) decreased markedly and then increased in parallel with the increase in Psa as expected.20 Within 3 minutes of BLCO with reflexes intact, Pca increased and averaged 67.8+2.0, 68.0+8. 1, and 66.7±9.4% of the Psa during occlusion for segments 1, 2, and 11, respectively. After blockade, the equilibrium downstream Pca, during BLCO, was 50+18% of the Psa. The BLCO induced no significant change in reservoir volume (-0.17+0.92 ml/kg in segment 2, and 0.08±0.65 in segment 11), in part because the blood volume that was needed to distend the arterial bed, as Psa increased, was apparently supplied almost completely by a baroreceptor-induced venoconstriction. After reflex blockade, the reservoir volume decreased 1.03±1.19 ml/kg (p=0.05) (segment 14) during BLCO.
The magnitude of the sensitivity of vascular volume change to changes in perfusion flow rate (AV/ /F) was significantly correlated to the magnitude of changes in mean Psa during the bilateral carotid occlusion just before or after the cardiac output change. We therefore computed a reflex sensitivity equation to quantify the relation and to evaluate the general reflex status of the preparation. The equation obtained by a least-squares fit of available data, without and with hexamethonium treatment (segments 2-4, 9-11, and 14-16) obtained 3 minutes after the flow change was (,AV/zAF)=0.227+0.0027zXPsa (n=45, root mean square error=0.080 ml per ml/min, r=0.360, p=0.014). The equation predicts that the flow sensitivity (AV/AF) would be 0.349 ml per min if the response in Psa to BLCO were 45 mm Hg. It also predicts that with reflexes blocked (as assessed by only a 9-mm Hg Psa response to BLCO), the flow sensitivity would be 0.251 ml per ml/min flow change, which is a value similar to that which we obtained. The equation does not imply cause and effect, but it relates the magnitude of the reflex component of flow sensitivity to the reflex response to BLCO.
Flow Distribution
The superior vena cava supplied 26 
Discussion
The ratio of change in volume resulting from a change in flow includes units of time. Because the focus of our study is the vascular blood volume change in response to flow perturbation, we prefer to use units of milliliters per milliliter divided by minutes for AV/AF rather than the simpler time unit.
The passive flow sensitivity of peripheral blood volume (AV/IAF) of 0.24±0.06 ml volume change per ml/min flow change, which we observed after reflex blockade with hexamethonium, was closely similar to the 0.26 ml per ml/min calculated from the data of Numao and Iriuchijima.9 From data shown in their Table 1 , a AV/AF of 0.49 ml per ml/min for reflexes intact can be estimated, which is also consistent with the data shown in their Figure 5 . The reflex-intact flow sensitivity of 0.30+0.09 ml per ml/min that we found was 61% of that found by Numao and Iriuchijima.9 By extrapolation, if the cardiac output had been decreased from 80 to 0 ml/(min.kg), the reflex intact estimate of 0.49 ml per ml/kg predicts a total (active and passive) blood volume change of 39.2 ml/kg (80x0.49). By using the areflexic value (0.26 ml per ml/min), a passive volume change of 20.6 ml/kg (80x0.26) is predicted. The difference of 18.8 ml/kg is attributable to reflex activity and is higher than any reflex component reported by others.1'14-17 The flow sensitivity with reflexes intact may be less at flow less than 40 ml/(min.kg). Indeed, in our study, by changing flow to 20 ml/(min.kg), we obtained similar values, with or without reflexes. We do not have estimates of the AV/AF with reflexes intact below flows of 20 ml/(min-kg) because 2 minutes of almost zero cardiac output would have seriously traumatized the dogs. Furthermore, the primary purpose of the study was to quantify the basic, passive response of the system.
Before major surgery and total-body perfusion, BLCO caused the mean Psa to increase 42+12 mm Hg, which is a response similar to that reported for conscious dogs.21,22 However, the extensive surgery required to collect all of the venous return and to provide a constant perfusion likely caused the attenuation of the carotid reflex that we report as well as attenuation of the reflex component of the capacitance system. The relation between the flow sensitivity (LV/AF) and the increase in systemic arterial pressure (APsa) during BLCO (equation above) suggests that if the cardiovascular reflexes were more normal, so that the Psa response to BLCO was 45 mm Hg, the flow sensitivity would have been about 0.35 ml/kg per ml/(min.kg). On changing flow from 110 to 50 ml/(min.kg), the predicted total response would be 21 ml/kg rather than the 18.2 ml/kg that we report and thus a 6 ml/kg reflex component (21.0-15.0). Because reflex blockade caused a 5.6 ml/kg increase in dog blood volume, there must have been a significant venous tone under the control conditions. The total response to 11.6 mI/kg (6±5.6) for reflex changes in vascular capacitance is similar to that reported by 23 from the baroreceptor reflex. Nonetheless reflex activity would appear to account for less than half of the total potential blood volume redistribution in response to peripheral blood flow changes.
Some of the responses may be a result of transcapillary fluid shifts. We used a parameter-fitting routine24 to fit a monoexponential plus ramp equation to the data in four to six experiments in which the flow was changed within less than 2 seconds. The ramp coef- (Figure 4 ), in contrast with the nonlinear resistance characteristics with reflexes intact (Figure 3 than the AV/A\F of 0.24+0.06 ml per ml/min for the whole body computed from the data of our study. At a mean venous pressure of 7 mm Hg and under control conditions, Mitzner and Goldberg30 reported time constants for the tissues drained by the superior vena cava of about 5 seconds, for the splanchnic bed of about 7 seconds, and for nonsplanchnic tissues drained by the caudal inferior vena cava of about 6 seconds. Mitzner and Goldberg30 did not consider the time constants to be an index of regional blood volume change as a function of flow, but by converting the time constants to minutes, the values may be considered10'31 to correspond to flow sensitivities of 0.08, 0.12, and 0.10 ml per ml/min, respectively. The time constants were dependent upon mean venous pressure and were increased by epinephrine infusions. None of the flow sensitivities of these parallel circuits were of the magnitude of AV/AF that we or Numao and Iriuchijima9 found for the total body.
The higher AV/AF for the total body compared with individual organs may be from other series elements such as the arterial bed or the heart and lungs. Numao and Iriuchijima9 suggested that 33% of the volume shift [3.4 ml/kg of the 10.3 ml/kg from a 40 ml/(minkg) flow change] came from the arterial bed with reflexes blocked. However, in our study, the Psa decreased about 0.6 mm Hg per ml/(minkg) change in perfusion (Figure 3) . Assuming an arterial bed compliance32 of 0.04 ml/(mm Hg.kg), only 0.024 ml per ml/min (0.6x0.04) or 10% of the AV/AF was contributed by the arterial bed. A significant part of the blood may have come from the cardiopulmonary bed as total body perfusion was changed. Mitzner et a133 provided data from one dog that suggested an appreciable increase in cardiopulmonary volume as the perfusion rate to the right atrium was increased. Furthermore, from the data of Muller-Ruchholtz et al,34 the total body AV/AF may be calculated to be about 0.1 ml per ml/min, when the entire cardiopulmonary bed is bypassed. However, Numao and Iriuchijima9 reported a AV/AF of the right heart and lung bed of only 0.05-ml per ml/min change in flow [2.2 ml/kg for a 40-ml/(min.kg) flow change], and Pouleur et a135 reported less than a 1-ml/kg change in central blood volume during the first 10 seconds of a sudden change in right heart perfusion rate. The flow sensitivity of the total cardiopulmonary bed, including the left heart, may thus be as high as 0.1 ml per ml/min. The discrepancy between a AV/AF for the areflexic total body of 0.24 ml per ml/min and that of about 0.1 ml per ml/min for the specific organs studied is large and is as yet unresolved. To the extent that blood is transferred from the cardiopulmonary bed during the determination of (AV/AQ)pra, the assumption of Caldini et al10 that all of the volume change is from the systemic vasculature will be in error, as will estimates of vascular parameters using their approach. Because of the relatively large blood volume of the splanchnic bed, the reflex responsiveness of its capacitance system in the dog,14 ' If the AV/AF phenomenon is disregarded, significant error in the estimation of arterial compliance may occur. Arterial bed compliance has been estimated by using a constant cardiac output, constant central venous pressure preparation, and pumping blood from an artery to the reservoir at such a rate as to reduce the mean arterial pressure a known amount.'5'23 '38 The subsequent change in reservoir volume divided by the change in arterial blood pressure provided an estimate of arterial compliance.
The estimate of arterial bed compliance38 of 0.20±0.06 ml/(min.kg) is much higher than the 0.037 ml/(mg-kg) estimated from the data of Guyton et al,39 the 0.027 ml/(mm Hg-kg) of Mitzner and Goldberg,30 the 0.081 ml/(mm Hg-kg) of Shoukas and Brunner,23 or our32 previously estimated value of 0.036 ml/(mm Hg.kg). Because the arterial bypass-pump technique not only reduces arterial blood pressure, but also reduces flow through the peripheral tissue, some of the recorded reservoir volume increase was also from passive peripheral venous recoil associated with the flow reduction. Because the rate of bypass flows (to estimate arterial bed compliance) was not given, 15, 23, 38 we cannot estimate the magnitude of error associated with the peripheral blood flow change. Because arterial pressure is normally much higher than venous pressure, even a small compliance represents a relatively large stressed volume under normal conditions. Indeed, using the arterial bed compliance estimate38 of 0.20 ml/(mm Hg-kg) at a mean arterial pressure of 120 mm Hg, the stressed volume of the arterial bed alone would be 24 ml/kg, which is an unreasonably high value. If the constant cardiac output, constant central venous pressure, reservoir technique is used to evaluate vascular capacitance or compliance, rigorous control of peripheral blood flow is essential.
We conclude from our data and those of others that the potential blood volume redistribution within the cardiovascular system from changes in cardiac output, the passive flow sensitivity (AV/AF), is quantitatively even more important than active reflex mechanisms for maintaining cardiovascular homeostasis. It provides a potent mechanism for maintaining a normal cardiac output in response to changes in cardiac function.
